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III-V-based ferromagnetic-semiconductor GaMnAs heterostructures are one of the 
most ideal systems for future semiconductor-based spintronic devices.  Especially, the high 
coherency of the valence-band holes in these structures is a very promising feature for devices 
using the quantum-size effect.  Recently, we have clearly observed the resonant tunneling 
effect and the increase of tunnel magnetoresistance (TMR) induced by resonant tunneling in 
the GaMnAs quantum-well (QW) double-barrier (DB) heterostructures (QWDBs).
1
  One of 
the next important goals is the realization of “three-terminal” GaMnAs QWDB devices such 
as spin resonant-tunneling transistors,
2
 where the spin-dependent quantum levels can be 
externally controlled by applying the voltage to the electrode connected to the GaMnAs QW.  
In comparison with the metal-based magnetic tunnel transistors,
3,4
 we can more effectively 
design the heterostructure for controlling the spin-polarized coherent holes utilizing the 
well-established band-engineering technique of semiconductors.  Furthermore, the metallic 
feature of GaMnAs allows us to make a good contact to the GaMnAs QW layer, thus more 
efficient control of the quantum levels is possible than that in usual semiconductor-based 
three-terminal quantum heterostructures containing a QW electrode.
5
  Here, we demonstrate 
the quantum-level control in a three-terminal GaMnAs QWDB heterostructure and show the 
successful modulation of the spin-dependent current in this device. 
Figure 1 illustrates the schematic cross-sectional structure of the device investigated 
here.  The GaMnAs QWDB device was grown by molecular beam epitaxy and consists of, 
from the surface side, Ga0.94Mn0.06As(10 nm)/ GaAs (1 nm)/ Al0.94Mn0.06As(4 nm)/ GaAs(2 
nm)/ Ga0.94Mn0.06As QW(2.5 nm)/ GaAs(1 nm)/ AlAs(4 nm)/ GaAs:Be (100 nm) on a 
p
+
GaAs(001) substrate.  The Be concentration of the Be-doped GaAs (GaAs:Be) layer was 
2µ10
18
 cm
-3
.  The thin GaAs spacer layers were inserted to smooth the surface.  The 
GaAs:Be, AlAs and the lowest GaAs spacer layers were grown at high temperatures of 600, 
550, and 600 ºC, respectively.  The GaMnAs QW, GaAs/ AlMnAs/ GaAs, and the top 
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GaMnAs layers were grown at low temperatures of 240, 200, 225ºC, respectively.  In this 
structure, we used AlMnAs as the upper tunnel barrier.  We confirmed that AlMnAs acts as a 
paramagnetic tunnel barrier against GaMnAs with a barrier height of 110 meV.
6
  The Curie 
temperature (TC) of the GaMnAs layers was estimated to be ~60 K by magnetization 
measurements.  After the growth, we fabricated a ring-shaped electrode (named QW) whose 
area is 36-times larger than that of the central electrode (named TOP) on the sample, and the 
region sandwiched between these electrodes was carefully etched to the depth of the AlMnAs 
barrier layer.  Due to the large difference in area size between these electrodes, the energy 
potential of the GaMnAs QW can be effectively controlled by the voltage of QW (VQW).  In 
the following spin-dependent transport measurements, the TOP electrode is grounded, and we 
focus on the current I through TOP to the ground when changing VQW and the voltage V of the 
substrate (named SUB). Note that the sign of V is the opposite to that defined in our 
previous papers,
1,7
 so the resonant levels are detected in the V>0 region when VQW is not 
applied. 
Figure 2(a) shows the dI/dV-V curves in parallel magnetization when VQW is varied 
from -0.05 to +0.05 V (from bottom to top) with the voltage step of 0.01 V at 3.6 K.  In 
every curve, oscillations due to resonant tunneling of the heavy-hole first state (HH1), 
light-hole first state (LH1), and heavy-hole second state (HH2) are observed.  The valleys of 
these oscillations linearly shift to the higher voltages with increasing VQW as shown by the 
black dotted lines.  Figure 2(b) shows the schematic valence-band diagrams of our GaMnAs 
QWDB heterostructure in terms of hole energy when VQW is positive (upper graph), zero 
(middle graph), and negative (bottom graph).
8
  Black, red and blue lines are the valence band 
at the Γ point (Ev), resonant levels, and the chemical potential µ of the GaAs:Be electrode.  
As can be seen in these pictures, when VQW is increased from negative to positive, V for 
detecting these resonant levels is increased.  Thus, the resonant peaks are shifted to higher 
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voltages with increasing VQW, which indicates that the quantum levels are successfully 
controlled by changing VQW.  In Fig. 2(a), we can also see other oscillations indicated by 
lines A and B, which will be discussed later. 
Figure 3 shows the mappings of (a) dI/dV and (b) d
2
I/dV
2
 as functions of VQW and V 
in parallel magnetization at 3.6 K.  Here, the resonant levels of HH1, LH1, and HH2 are 
traced by the black dotted curves.  The shift in V of these resonant levels is almost saturated 
when |VQW| gets larger than ~0.2 V.  This reason is explained as follows.  VQW, 
corresponding to the voltage drop between TOP and QW through the current path indicated by 
I’’ in Fig. 1, is mainly consumed at the AlMnAs barrier beneath the TOP electrode and in the 
GaMnAs QW plane between the TOP and QW electrodes.
9
  With increasing |VQW|, the tunnel 
resistance of AlMnAs becomes much smaller due to its low barrier height (~110 meV),
6
 while 
the resistance of the GaMnAs QW plane does not depend on VQW.  As a result, VQW is 
consumed mostly in the GaMnAs QW plane when |VQW| is large, thus the shift of the resonant 
peaks is saturated.  We note that the resonant levels are detected when the energy region 
occupied by holes in the GaAs:Be electrode crosses the resonant levels in the GaMnAs QW 
regardless of the current direction.  Thus, the resonant levels are detected both in V>0 and 
V<0 regions.  In our studies including other three-terminal GaMnAs QWDB devices (not 
shown), we found that the shift of the resonant levels tends to be larger when the TC of the 
GaMnAs QW is higher, which means that the metallic nature of the GaMnAs QW is 
important for improving the controllability of the quantum levels. 
In Fig. 3(a), there is a deep valley traced with the white dotted curve A passing 
through the origin (V=VQW=0).  This valley corresponds to the line A in Fig.2 (a) and the 
curve A in Fig. 3(b).  This valley is considered to be the bias condition where the chemical 
potentials of TOP and QW are the same.  If the potential of the GaMnAs QW were perfectly 
controlled by VQW, these valleys would not be observed.  This result means that the potential 
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of the GaMnAs QW is influenced also by V as well as by VQW.  We can see a small valley 
traced with the curve B in Fig. 3(a), which can be more clearly seen in Fig. 2(a) (line B) and 
Fig. 3(b) (white dotted curve B).  They correspond to the bias condition where the chemical 
potentials between QW and SUB are the same. 
In Fig. 3(a), there are valleys traced with the white lines C moving almost linearly 
with changing VQW, which overlap the above-mentioned resonant levels when |VQW| is smaller 
than ~0.05 V.  These valleys correspond to the resonant levels formed in the area of the 
GaMnAs QW plane beneath the ring-shaped QW electrode (See Fig. 1), where the potential is 
almost ideally controlled by VQW due to its proximity to the QW electrode.  Since the 
GaMnAs QW is metallic, (probably non-ballistic component of) the current I collected at the 
TOP electrode is expected to be widely spread in the GaMnAs QW plane.  Thus, a part of 
this current is detected in the measurements of I.  These valleys were more clearly seen in 
the dIQW/dV mapping as functions of VQW and V (not shown), where IQW is the current going 
out through the QW electrode. 
Figure 4 shows the V dependence of the magneto-current (MC) ratio defined by 
(IP-IAP)/IAP with various VQW from 0 to -0.14 V at 3.6 K, where IP (IAP) represents I in parallel 
(anti-parallel) magnetization.  (For the measurements of the spin-dependent current, see our 
previous paper.
1
)  To control the magnetization alignment of the GaMnAs layers, the 
magnetic field was applied along the [100] axis in plane.  These MC vs. V data were 
mathematically derived from the I-V data in parallel and anti-parallel magnetizations at zero 
magnetic field.  With changing VQW from 0 to -0.14 V, the MC peak at LH1 is decreased, 
while the MC peak at HH2 is increased.  This opposite behavior is due to the increasing 
current from TOP to QW identified by I’’ in Fig. 1 with changing VQW from 0 to -0.14 V.  
Here, we define this current as I’’P (I’’AP) and the direct current transferred between TOP and 
SUB identified by I’ in Fig. 1 as I’P (I’AP) in parallel (anti-parallel) magnetization, then MC is 
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expressed as [(I’P -I’’P)-(I’AP-I’’AP)]/(I’AP-I’’AP).  Here, we take the MC-V curve with 
VQW=-0.03 (light blue curve) as an example for explaining the MC-V behavior shown in Fig. 
4.  When V<<0, MC is dominated by I’P and I’AP, thus the typical V dependence of MC 
appears, where MC is monotonically decreased with increasing |V|.  When V is around zero, 
I’P and I’AP are comparable to I’’P and I’’AP, respectively.  Thus, the denominator in the 
definition of MC becomes close to zero, and MC becomes infinity.  When V is increased 
more, the sign of the denominator is changed, thus MC becomes negative infinity.  In the 
V>>0 region, I’P and I’AP are dominant again, thus MC becomes positive and monotonically 
decreases to zero.  Although the LH1 peak near the origin is more largely affected by I’’P and 
I’’AP and MC is decreased when VQW is changed from 0 to -0.04 V, the MC peak at HH2 is 
increased due to the smaller influence of I’’P and I’’AP.  The MC increase at HH2 in the range 
of VQW from 0 to -0.1 V is mainly because the energy of HH2 becomes close to the chemical 
potential of TOP where a high spin polarization is expected.  In this VQW range, the bias 
voltage of the MC peak at HH2 moves toward the negative direction with changing VQW from 
0 to -0.1 V, following the HH2 peak’s shift as shown in Fig. 2(a), 3(a), and (b).  This means 
that we successfully controlled the spin-dependent current by electrically modulating the 
quantum levels in the GaMnAs QW.  When VQW is changed from -0.1 to -0.14 V, the MC 
peak at HH2 moves toward the positive direction.  In Fig. 3(a) and (b), we can see that the 
resonant level of HH2 is merged with the valley A when VQW is ~-0.1 V and the valley A 
becomes dominant when VQW <-0.1 V.  Thus, the TMR increase observed when VQW < -0.1 
V is attributed to the valley A. 
In the present device, the power gain has not been obtained due to the large tunneling 
current I’’ between TOP and QW.  If we can insert a thick barrier with a low barrier height 
between TOP and QW without suppressing MC, the spin-transistor operation with a power 
gain is expected to be obtained, which will lead to quantum spin devices, such as spin 
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resonant-tunneling transistors and magnetic monostable-bistable transition logic elements.
10 
In summary, we have fabricated the three-terminal GaMnAs QWDB device.  We 
controlled the quantum levels of the 2.5-nm thick GaMnAs QW and modulated the 
spin-dependent current with varying VQW, which is largely attributed to the metallic feature of 
the GaMnAs QW.  The MC ratio was increased by decreasing the potential of the GaMnAs 
QW in terms of hole energy by applying the negative bias voltage to the QW electrode. 
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FIG. 1.  Schematic cross-sectional structure of the three-terminal device investigated here.  
The GaMnAs QWDB heterostructure comprises, from the surface side, Ga0.94Mn0.06As(10 
nm)/ GaAs (1 nm)/ Al0.94Mn0.06As(4 nm)/ GaAs(2 nm)/ Ga0.94Mn0.06As QW(2.5 nm)/ GaAs(1 
nm)/ AlAs(4 nm)/ GaAs:Be (100 nm) on a p
+
GaAs(001) substrate.  I’ represents the current 
path directly flowing from SUB to TOP.  I’’ is the current path flowing from the TOP 
electrode to the QW electrode through the GaMnAs QW plane.  Dotted path is the one 
through the GaAs:Be layer.  Note that there is also a current path directly from SUB to QW. 
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FIG. 2. (a) dI/dV-V curves in parallel magnetization when VQW is varied from -0.05 to +0.05 V 
(from bottom to top) with the voltage step of 0.01 V at 3.6 K.  (b) Schematic valence-band 
diagrams of our GaMnAs QWDB heterostructure in terms of hole energy when VQW is 
positive (upper graph), zero (middle graph), and negative (bottom).  Black, red and blue 
lines are the valence band at the Γ point (EV), resonant levels, and the chemical potential µ of 
the GaAs:Be electrode. 
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FIG. 3. (a) dI/dV and (b) d
2
I/dV
2
 mappings as functions of VQW and V in parallel 
magnetization at 3.6 K.  Here, the resonant levels of HH1, LH1, and HH2 are traced by the 
black dotted curves.  For the explanation of other curves A-C, see the text. 
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FIG. 4. V dependence of MC defined by (IP-IAP)/IAP at 3.6 K with various VQW from 0 to -0.14 
V, where IP (IAP) represents I in parallel (anti-parallel) magnetization. 
 
